Active cancer immunotherapy relies on functional tumor-specific effector T lymphocytes for tumor elimination. Dendritic cells (DCs), as most potent antigen-presenting cells, have been popularly employed in clinical and experimental tumor treatments. We have previously demonstrated that lentiviral vector-mediated transgene delivery to DC progenitors, including bone marrow cells and hematopoietic stem cells, followed by transplantation supports systemic generation of great numbers of tumor antigenpresenting DCs. These DCs subsequently stimulate marked and systemic immune activation. Here, we examined whether this level of immune activation is sufficient to overcome tumor-induced tolerogenic environment for treating an established aggressive epithelial tumor. We showed that a combination treatment of granulocyte macrophage-colony stimulating factor and cytosinephosphate-guanine-containing oligonucleotide stimulated large numbers of tumor antigen-presenting DCs in situ from transgenemodified stem cells. Moreover, these in situ generated and activated DCs markedly stimulated activation of antigen-specific CD4 and CD8 T cells by augmenting their numbers, as well as function, even in a tumor-bearing tolerogenic environment. This leads to significant improvement in the therapeutic efficacy of established pulmonary metastases. This study suggests that lentiviral vectormodified stem cells as DC progenitors may be used as an effective therapeutic regimen for treating metastatic epithelial tumors.
Introduction
Successful tumor immunotherapy requires effective mobilization of activated T cells to tumor sites for productive tumor eradication. This is especially vital for the treatment of epithelial tumors, as the accessibility of T cells to solid tumors is usually limited and tolerance to tumor antigens develops shortly after they encounter tumors (reviewed by Finn 1 and Pardoll 2 ). Thus, therapeutic strategies to persistently recruit antigen-specific T cells to tumor sites and, more importantly, to maintain their effector function in tumor-induced tolerogenic environment will be crucial. [3] [4] [5] [6] [7] Dendritic cells (DCs), especially activated DCs, are considered optimal candidates for active cancer immunotherapy and have been widely used as vaccines for experimental and clinical treatment of various types of hematological and epithelial malignancies (reviewed in references [8] [9] [10] ). However, DC vaccines in their current form, with ex vivo tumor antigen-loaded DCs [11] [12] [13] or other new strategies in targeting tumor antigen delivery to in vivo derived DCs [14] [15] [16] do not facilitate the migration and/or localization of a large number of activated tumor antigen-presenting DCs to lymphoid compartments, which are determining factors for a high level of immune activation and therapeutic efficacy. New improvements to increase the number of injected DCs and employing DC-differentiating cytokines, such as the Flt-3 ligand or granulocyte macrophage-colony stimulating factor (GM-CSF), and DC activation agents, such as ligands of the Toll-like receptor (TLR) or CD40 receptor 15, [17] [18] [19] [20] [21] appear to improve DC numbers and/or activation status and, thus, antitumor immunity. Nevertheless, the limited longevity and migratory capacity of ex vivo prepared tumor antigen-loaded DCs postinjection restrict the durability of immune activation. [22] [23] [24] [25] To greatly enhance the number and durability of tumor antigen-presenting DCs in the lymphoid compartment, we developed a new stem cell-based approach with lentiviral vector (LV)-mediated tumor antigen gene delivery.
Because bone marrow (BM) cells or hematopoietic stem cells (HSC) are DC progenitors and can be efficiently transduced by LVs, 17, 26, [28] [29] [30] we believe that LV-modified stem cells would serve as a constant pool of tumor antigen gene carrying DC progenitors posttransplantation. Recently, we demonstrated that upon appropriate cytokine and immune adjuvant treatments, large numbers of activated tumor antigen-expressing DCs are differentiated and situated in multiple lymphoid tissues to stimulate a strong antitumor immunity, 17, 27 which is capable of eliminating established hematological malignancy. 17, 27 In this study, we examine whether this stem cell-based immunotherapy approach would provide sustained systemic antitumor immunity to recruit sufficient numbers of tumor-specific T cells to established metastatic epithelial tumors and overcome tumor-induced immune tolerance in maintaining their function. More importantly, we want to determine whether this level of T-cell activation and effector function would translate to marked improvement in controlling the size and metastases of solid tumors, as well as significant therapeutic benefit in prolonged survival of mice with established pulmonary metastases.
Materials and methods

Animals and cell lines
BALB/c mice (6-to 8-week old) of either gender were purchased from Charles River (Wilmington, MA). Transgenic (Tg) mice clone 4, with TCR specifically recognizing influenza hemagglutinin (HA) major histocompatibility complex (MHC) I (HA 518-526 ) epitope, were generated in Dr Sherman's laboratory (Scripps Research Institute, La Jolla, CA). Tg mice line 6.5, whose TCR specifically recognize MHC II (HA 110-120 ) epitope, was generated in Dr Von Boehmer's laboratory (Harvard Medical School, Boston, MA). They were bred in the Louisiana State University Health Sciences Center (LSUHSC) animal care facility in accordance with protocols approved by the Animal Care and Use Committee. Human embryonic kidney 293T cells and mouse mastocytoma p815 cell line were obtained from American Type Culture Collection (Manassas, VA) and cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) and 50 units per ml penicillin-streptomycin. GM-CSF producing cell line B78H1-GM 31 was maintained in RPMI 1640 medium (Invitrogen), supplemented with 10% FBS, 50 units per ml penicillin-streptomycin, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 mM sodium pyruvate and 0.1 mM nonessential amino acids.
Antibodies, HA peptides and CpG-containing oligodeoxynucleotide Various fluorochrome-conjugated antibodies against murine CD4, CD8, Thy1.1 (CD90.1), CD44 and CD62L were purchased from BD Biosciences (San Diego, CA). MHC I and II restricted HA peptides,   518   IYSTVASSL   526   and  110 SFERFEIFPKE   120 , were ordered from the LSUHSC peptide core laboratory. PE-conjugated Pro5 HA-specific MHC I pentamer was purchased from ProImmune (Oxford, UK). Stimulatory cytosinephosphate-guanine (CpG)-containing oligodeoxynucleotide (ODN) 1826 (T*C*C*ATGACGTTCCTGAC*G*T*T) was synthesized through IDT (Coralville, IA) with phosphorothioate bond (*) modification for enhanced in vivo stability.
Lentiviral production and transduction of murine bone marrow cells Lentiviruses (LV) EF.GFP and EF.HA were produced through cotransfection of transducing vectors EF.GFP or EF.HA with the packaging construct pCMVdl-8.4 (kindly provided by Dr Naldini, Vita Salute San Raffaele University) and enveloped pMD.G to 293T cells using conventional calcium phosphate precipitation method as previously described. 26 Mouse BM cells, harvested from femurs and tibias of BALB/c mice, were transduced with EF.GFP or EF.HA LVs as previously described. 27 The transduction of efficiency of these cells was confirmed by flow cytometry analysis of green fluorescent protein (GFP) or HA expression via specific antibody staining. They were then transplanted to lethally irradiated (850 cGy) syngeneic BALB/c mice at 4 Â 10 6 BM per mouse with an additional 1 Â 10 7 fresh splenocytes to reduce radiation toxicity via lateral-orbital vein injection.
In vivo differentiation of transgene-expressing DCs to stimulate antigen-specific T-cell activation In 1-2 weeks after transplantation of LV-modified BM, mice were treated with 1 Â 10 7 B78H1-GM cells, as previously described, to promote in vivo differentiation of antigen-expressing DCs from LV-modified BM. 27 Some of the mice were also treated with CpG-containing ODN at 100 mg per mouse per day on days 4 and 6 post-GM-CSF treatment. To examine antigen-specific T-cell activation, 3 Â 10 6 HA-specific CD4 þ or CD8 þ T cells per mouse from line 6.5 or clone 4 Tg mice was adoptively transferred to the above-treated mice. For monitoring in vivo proliferation of these T cells, they were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen) (5 mM for 5 min at room temperature). At various time points, spleen, peripheral lymph nodes (LN) and tumor-draining hilar nodes were harvested. The percentage of HA-specific T cells and their CFSE level were examined via specific antibody recognizing Tg TCR or pentamer followed by fluorescence-activated cell sorting (FACS) analysis. Background staining of T cells from mice that did not receive adoptive transfer of HA-specific T cells was usually less than 0.1%. For functional analyses, these HA-specific CD4 or CD8 T cells were further enriched from lymphoid tissues via magnetic antibody cell sorting beads-based positive selection (Miltenyi Biotec, Auburn, CA). Proliferation capability of HA-specific CD4 T cells was determined via For the therapeutic treatment of these tumor-bearing mice, LV-modified BMs were transplanted (as described above) 1 week after tumor inoculation. Seven days postbone marrow transplantation (BMT), these mice were then treated with GM-CSF and/or ODN as described above. In parallel, Renca-HA-bearing mice, unmanipulated or transplanted with LV-modified BM and treated with phosphate-buffered saline (PBS) were used as controls. To monitor HA-specific immune responses following our therapeutic treatment regimens in tumor environment, 0.5-3 Â 10 6 CFSE-labeled HA-specific CD4 or CD8 T cells were transferred to those Renca-HAbearing mice. The percentage and immunological status of these HA-specific T cells in the spleen, tumor-draining hilar nodes and peripheral blood were analyzed via FACS. The healthiness of all the tumor-bearing mice was monitored daily. When any signs of unhealthiness were present, they were euthanized. Once the tumor burden was confirmed by autopsy, their death was recorded as tumor-related mortality.
Histology and immunohistochemistry evaluation of tumor burden and infiltrating lymphocytes At various time points during treatment, some Renca-HAbearing mice were euthanized and their lungs were inflated with 30% of Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan) in PBS. They were then flash-frozen in liquid N 2 -chilled isopentane and sectioned at 10 mm in thickness. The number and size of the tumor nodules were determine in hematoxylin-eosin (H&E)-stained sections. Tumor-infiltrating T lymphocytes were stained with rat anti-mouse CD3, followed by goat antirat immunoglobulin G conjugated with horseradish peroxidase, and diaminobenzidine (DAB) staining (Chromogenic Kit from Dako, Carpinteria, CA). These sections were counterstained with hematoxylin. The dark brown tumor-infiltrating T cells were visualized using a Nikon Eclipse E600 microscope (Nikon Instruments Inc., Melville, NY) and imaged with a digital camera. To quantitatively determine the tumor burden and tumorinfiltrating T cells, photomicrographs of entire representative lung sections were obtained using a Nikon Eclipse E600 upright brightfield microscope (Nikon Instruments Inc.). The images were loaded to Spot Advanced imaging software (Diagnostic Instruments Inc., Sterling Heights, MI), where the boarders of tumor nodules were traced (Figure 5d ). The ratio of total tumor nodule area to total lung area was calculated from these images using the Spot Advanced imaging program. Quantification of CD3 þ cell area was performed on a total of 10 nodules per section by thresholding DAB þ signals and masking subsampling with Slidebook software (Intelligent Imaging Innovations, Denver, CO; Figure 5d ). The total CD3 area/tumor nodule area was then calculated.
Statistical analyses
The differences in number of HA-specific T cells and effector function of different treatment groups were analyzed via Student's t-test using SigmaPlot (Systat Software Inc., Point Richmond, CA) or Microsoft Excel (Redmond, WA). Improvement in survival of tumorbearing mice between each treatment group was determined by one-way analysis of variance (ANOVA) using Microsoft Excel. Statistical significance was set at Po0.05.
Results
Aggressive renal cell carcinoma pulmonary metastases induce immune tolerance in BALB/c mice and result in rapid tumor-related death The HA antigen has been popularly used in tumor immunology studies as a model tumor antigen. Introduction of HA to mouse tumors, such as renal cell carcinomas (Renca-HA), does not change their in vitro growth or in vivo establishment in immune-competent mice. 19, 33 As shown in Figure 1a , 1 week after i.v. inoculation of 1 Â 10 6 Renca-HA cells in BALB/c mice, microscopic lung metastases were established, which became macroscopically visible nodules by the second week post-tumor inoculation. By 3 weeks post-inoculation, tumor masses occupied 50-70% of the lung space and further expanded to occupy B90% of lung tissue by 4 weeks (Figure 1a ). These rapid and massive metastases resulted in tumor-related death of almost all mice between weeks 5 and 6.
To determine whether the failure of host immune system in controlling Renca-HA was the result of immune ignorance or tumor-induced immune tolerance, we adoptively transferred 3 Â 10 6 CFSE-labeled CD4 and CD8 HA-specific T cells to tumor-bearing BALB/c mice 7 days after Renca-HA inoculation. Interestingly, 3 days post-HA specific T-cell transfer, a small percentage of the transferred CD4 þ T cells in the spleen, peripheral LN and tumor-draining hilar nodes divided a few rounds, as indicated by the decrease in CFSE fluorescent intensity (Figure 1b) , whereas CFSE intensity of T cells in nontumor-bearing control mice was unchanged ( Figure 1b ). This suggests that the HA antigen on tumor surface was processed and presented by antigen-presenting cells (APCs) to T cells in the host although the number of divisions and total percentage of HA-specific T cells in these tumor-bearing mice was far less than those in mice immunized with vaccinia virus carrying the HA antigen ( Figure 1b ; Vacc-HA). To determine whether these T cells develop tolerance to the HA antigen upon tumor encountering, HA-specific T cells were harvested from the spleens of Renca-HA-bearing mice 7 days posttransfer, relabeled with CFSE and stimulated with HA antigen in a 3-day culture using T cells from nontumor-bearing and Vacc-HA-immunized mice as controls ( Figure 1c ). To examine the immune responsiveness of these HA-specific T cells, they were relabeled with CFSE and cultured in the presence or absence of HA peptide for 3 days. At the end the 3-day cultured, these T cells were stained with antibodies to identify HA-specific CD4 T cell population and their level of CFSE were analyzed. (d) The percentage of HA-specific CD4 and CD8 T cells in tumor-draining and non-draining lymphoid tissues at 3-10 days after the transfer was summarized (n ¼ 3).
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As expected, HA-specific T cells (gated on Tg TCR þ population) from Renca-HA-bearing mice did not proliferate upon HA re-stimulation, whereas those from nontumor-bearing mice proliferated moderately and those from Vacc-HA-immunized mice proliferated vigorously ( Figure 1c) . Similarly, initial HA-specific CD8 T cell expansion was also observed in tumor-bearing mice, although at a lower extend compared to CD4 T cells when cotransferred to the same tumor-bearing host at an equal number (Figure 1d ), followed by tolerance development and gradual decrease in numbers in Renca-HA-bearing mice (Figure 1d ). This suggests that the failure of hosts to control tumor growth is due to the establishment of immune tolerance in tumor-bearing hosts.
In vivo derived antigen-presenting DCs from LV-transduced DC progenitors overcome tumor-induced tolerance and promote systemic antigen-specific T-cell activation Because we have previously demonstrated that in vivo derived DCs from LV-transduced DC progenitors, either BM or HSC, are much more potent in activating antigen-specific T cells compared with conventional approaches, 17, 27 we wanted to examine whether this level of stimulation is sufficient to override the tolerogenic environment in tumor-bearing mice. We transplanted GFP or HA gene-modified BM to BALB/c mice bearing Renca-HA tumors established for 7 days. These mice were treated with GM-CSF or PBS followed with adoptive transfer of HA-specific CD4 or CD8 T cells, 1 week after BMT. The percentage of HA-specific T cells in their spleen (Figure 2a) , tumor-draining hilar nodes (Figure 2b ) and peripheral blood (Figure 2c ) was analyzed via FACS. Indeed, 5 days post-T-cell transfer, higher percentages of HA-specific CD4 and CD8 T cells were observed in all the lymphoid-hematopoietic compartments of HA-BMT mice, especially in the mice that also received GM-CSF treatment (Figure 2 ). More importantly, the in vitro proliferation assay revealed that HA-specific T cells from the spleen of HA-BMT mice proliferated vigorously upon re-stimulation with 10 mg ml À1 HA peptide in culture (Figure 2d) . Even in the absence of additional HA stimulation, those cells seemed to continuously proliferate to the same extend as those T cells from nontumorbearing mice upon HA stimulation in culture (Figure 2d ). In contrast, HA-specific T cells from GFP-BMT tumorbearing mice lost their responsiveness to HA re-stimulation confirming their immune tolerant status (Figure 2d ). Of particular interest, GM-CSF treatment appeared to enhance the total number of HA-specific T cells in tumorbearing mice without augmenting their effector function on per cell basis (Figure 2 ). This suggests that GM-CSF treatment alone may enhance the magnitude of T-cell activation, but may not provide a long-term effect in overcoming tumor-induced tolerance alone.
Since ligands for TLR, such as CpG-containing ODN, have been demonstrated to be important factors in mediating DC activation and subsequently augmenting T-cell function to overcome tumor-induced tolerance, [34] [35] [36] we further explored whether inclusion of DC-activating ODN in combination with GM-CSF treatment in HA-BMT mice would further enhance the function of activated HA-specific T cells. Although ODN treatment alone did not impose significant impacts on the number of in vivo derived DCs, ODN in combination with GM-CSF imposed a significant increase in SP-DC number in treated mice (Figure 3a) . Furthermore, HA-specific CD4 T cells activated in ODN-and GM-CSF-treated mice produced higher level of interferon (IFN)-g (Figure 3b ) and HA-specific CD8 T cells possessed better CTL killing per clonotypic cell as revealed by in vitro assays (Figure 3c ), implying their improved effector function compared with those in HA-BMT mice treated with PBS or GM-CSF alone. Together, these results suggest that combination of GM-CSF and ODN treatment not only enhanced the magnitude of T-cell expansion, but also further improved T-cell effector function to overcome tumor-induced tolerance.
The enhanced antigen-specific T-cell activation and effector function in GM-CSF-and ODN-treated HA-BMT mice is translatable to improved survival of tumor-bearing mice To examine whether our observed improvement in the activation of HA-specific T cells could directly result in therapeutic efficacy of treating established metastatic epithelial tumors, we first treated BALB/c mice bearing 7-day Renca-HA pulmonary metastases with HA or GFP gene-modified BM. To facilitate post-BMT recovery and immune function, these mice were also infused with 1 Â 10 7 fresh splenocytes from naive BALB/c mice as outlined in Figure 4a . After 1 week, these mice were treated with GM-CSF and/or ODN and were monitored daily for their healthiness. Upon any signs of difficulties in breathing, they were terminated as tumor-related mortality, which was confirmed by autopsy. The survival of all treated mice was plotted as Kaplan-Meier survival curve with at least 10 mice in each group (Figure 4 ). In the absence of any treatment (control), more than 90% of the tumor-bearing mice died of pulmonary metastases by day 33 post-tumor inoculation (Figure 4a) . Interestingly, even when mice were treated with reporter gene-modified BM in the form of BMT, that is, GFP-BMT or GFP-BMT þ GM-CSF þ ODN, a moderate improvement in survival at early time course, such as 1 week posttreatment (21 days post-tumor inoculation), was observed (Figure 4a ). This is in agreement with a previous report that homeostatic T-cell proliferation in lymphopenia hosts associated with BMT maneuver enhanced antitumor immunity, which has been employed clinically for cancer treatment. Unfortunately, this effect appeared to be short lived and was not sustained beyond day 40 posttumor inoculation (Figure 4a ). On the other hand, mice received HA gene-modified DC progenitors in addition to BMT had extended half-life to 45 þ days compared to B40 days of GFP-BMT (Figure 4a ). This result suggests that in vivo derived HA-expressing DCs further augmented HA-specific immune activation besides BMT-induced T-cell homeostatic proliferation. Furthermore, inclusion Figure 2 Strong stimulatory signals from in vivo derived HA-expressing DCs in HA-BMT mice enhanced HA-specific T-cell activation in tolerogenic tumor-bearing mice. BALB/c mice were first inoculated i.v. with 1 Â 10 6 Renca-HA to establish pulmonary metastasis for 7 days followed with transplantation of GFP-or HA-modified BM cells. These mice were treated with GM-CSF and adoptively transferred with 3 Â 10 6 HA-specific CD4 and CD8 T cells 1 week post-BMT. The percentage of HA-specific CD4 T cells in the spleen (a) and tumor-draining hilar nodes (b) was examined 7 days after the transfer via antibody staining against colonotypic marker and FACS analysis (n ¼ 3). (c) HA-specific CD8 T cells in peripheral blood of the treated mice were examined using HA-specific pentamer staining via FACS (n ¼ 3). (d) Responsiveness of HAspecific splenic T cells of the above-treated tumor-bearing mice to HA-antigen stimulation in culture (HA-10) in comparison to no antigen control (HA-0) was determined as of GM-CSF and ODN treatment in HA-BMT mice extended their survival by one more week (up to 50% survival by day 53 vs 10% survival by day 33 in control group; Figure 4a ). Therefore, a combination of BMT, HA gene transfer and DC activation regimen significantly improved survival of tumor-bearing mice.
To further delineate the necessity and contribution of GM-CSF and ODN regimen in addition to HA gene transfer, we treated HA-BMT mice with GM-CSF or ODN alone and compared their survival with those of combinational regimens (Figure 4b) . Interestingly, neither GM-CSF nor ODN treatment alone seemed to provide additional survival benefits of HA-BMT-treated tumor-bearing mice (Figure 4b) . However, the GM-CSF and ODN combination treatment provided additive or synergistic effects on improving the survival of tumor-bearing mice (Figure 4b ). It is worth noting that the full therapeutic effect of GM-CSF and ODN combination treatment requires HA gene transfer to DC progenitors because when HA antigen gene was replaced by GFP in GFP-BMT mice, GM-CSF þ ODN combination treatments did not support sustained effects on survival beyond 40 days post-tumor inoculation (Figure 4b ).
The improved therapeutic benefit of GM-CSF and ODN combinational treatment in tumor-bearing mice appeared to correlate with reduced tumor burden and enhanced number of tumor-infiltrating T cells It has been shown clinically that the prognosis and therapeutic efficacy of immunotherapy correlate well with the increased number of tumor-infiltrating T cells because effective tumor elimination relies heavily on direct interaction of effector T cells with tumor cells. Therefore, efficient recruitment of tumor antigen-specific T cells to tumor sites is crucial for epithelial tumor treatment. Thus, we investigated whether the above-observed therapeutic benefits in GM-CSF and ODN-treated HA-BMT mice were the result of enhanced T-cell recruitment to solid tumor mass, which led to the reduction in tumor burden. At 1 and 3 weeks post-cytokine treatment, some of the Renca-HA-bearing mice that received GFP-or HAtransduced DC progenitors and treated with or without GM-CSF and ODN were terminated and their tumor burdens and T-cell infiltration in the lungs were examined via immunohistochemical staining ( Figure 5 ). In agreement with the survival results, HA-BMT in combination with the GM-CSF þ ODN treatment seemed to be the most potent regimen in suppressing tumor growth at 1 Engineered stem cells to treat lung metastases X Zhang et al week posttreatment (3 weeks post-tumor inoculation; Figure 5a ). Unsurprisingly, BMT alone also provided moderate effects on reducing tumor burdens compared to tumor-alone control mice during this early period of the treatment (Figure 5a and b) . This also appeared to be associated with increases in CD3 þ T cells within the tumor masses as the result of BMT-mediated homeostatic proliferation (Figure 5b, dark-brown cells) , which supported our observed moderate improvement in survival of BMT treatment of tumor-bearing mice during early treatment period (Figure 4) . This BMT-mediated T-cell homeostatic expansion and reduction in tumor burden could be further enhanced by HA antigen gene transfer in the context of BMT, especially in combination with GM-CSF treatment (Figure 5a and b) .
Similar to the survival results (Figure 4) , the lack of sustainability of BMT alone on T-cell infiltration and reduction in tumor burden was more obvious 3 weeks posttreatment (Figure 5c , GFP-BMT). To quantitatively evaluate the changes in tumor burdens and level of T-cell infiltration in treated mice, we took images of lung sections of those treated mice and employed a computerassisted program to calculate total areas occupied by the lungs and tumors and calculated the percentage of tumor covered area vs lungs area of all the accumulative 10 or more sections per treatment group (Figure 5d) . In strong agreement with our observed improvement in therapeutic efficacy, HA-BMT in combination with GM-CSF þ ODN treatment resulted in the highest level of tumor suppression and densest T-cell infiltration within the much reduced tumor masses (Figure 5d ). Although GM-CSF treatment in combination with BMT (both HA-BMT and GFP-BMT) appeared to present slight advances in increasing tumor-infiltrating T cells, they did Figure 4 HA gene-modified BM in combination with GM-CSF and ODN treatment significantly improved survival of tumor-bearing mice. BALB/c mice carrying 7-day established pulmonary metastatic Renca-HA were transplanted with HA-or GFP-modified BM. They were treated with GM-CSF and/or ODN one week later. Healthiness of these tumor-bearing mice was monitored daily. Upon the occurrence of any obvious difficulties in breathing, they were terminated and recorded as tumor-related mortality. (a) Survival of GFP-BMT or HA-BMT mice treated with or without GM-CSF þ ODN was compared with the nontreated control. Statistical analysis was performed using one-way ANOVA (analysis of variance, n ¼ 11-14). Asterisk (*) denotes significant difference from the control group (Po0.05). (b) The effects of GM-CSF or ODN alone on improvement in survival of GFP-BMT or HA-BMT mice were examined by comparing them with mice received combination treatment. Asterisk (*) denotes significant difference from the control group (Po0.05, one-way ANOVA). 6 Renca-HA cells through i.v. injection. Seven days after tumor establishment, mice were engrafted with GFP-or HA-transduced BM followed by GM-CSF and/or ODN treatment one week later, whereas control tumor-bearing mice did not receive any treatments. Lungs from some of the mice were collected at 1 (a, b) and 3 (c, d) weeks posttreatment (3 weeks and 5 weeks post-tumor inoculation, respectively). (a) H&E staining at 1 week posttreatment was performed to examine the size and number of tumor nodules. Black arrowhead indicates a microscopic tumor nodule. (b, c) Tumor-infiltrating T cells were examined via immunohistochemical staining against the CD3 surface marker, shown as brown stained cells. These lung tissues were counterstained with hematoxylin to visualize the size of tumor nodules. ND denotes not determined due to lack of identifiable tumor nodules (representative images of at least three mice in each treatment group). (d) To quantitatively determine the tumor burden and tumor-infiltrating T cells at 3 weeks posttreatment, photomicrographs of entire representative lung sections were obtained using a Nikon Eclipse E600 upright brightfield microscope (Nikon Instruments Inc.). The images were loaded to Spot Advanced imaging software (Diagnostic Instruments Inc.), where the boarders of tumor nodules were traced (Figure 5d ). The ratio of total tumor nodule area to total lung area was calculated from these images using the Spot Advanced imaging program. Quantification of CD3 þ cell area was performed on a total of 10 nodules per section through thresholding DAB þ signals and masking subsampling with Slidebook software (Intelligent Imaging Innovations). Total CD3 area/tumor nodule area was than calculated.
Engineered stem cells to treat lung metastases X Zhang et al not provide long-term effect on tumor burden reduction (Figure 5d ) or therapeutic efficacy (Figure 4) . Collectively, these results suggest that GM-CSF and ODN treatments improved quantity and quality of in vivo derived HA-presenting DCs, which subsequently augmented systemic expansion of HA-specific T cells and more importantly their mobilization to metastatic tumors to control tumor growth even in tolerogenic environment.
Discussion
We demonstrate that appropriately activated, in vivo derived tumor antigen-expressing DCs from engineered DC progenitors can be very efficient in activating antigenspecific T cells, even in a tolerogenic environment. This strong antigen-specific T-cell activation supports T-cell recruitment to epithelial tumors leading to reduction in tumor burden and improvement in long-term survival of tumor-bearing mice. This therapeutic efficacy relies on the additive effects of three critical components: (1) BMT of tumor antigen-modified DC progenitors, (2) DC expansion and activation via cytokine and adjuvant, and (3) homeostatic proliferation of naive or antigen-experienced T cells in lymphopenia hosts. Although each of the three regimens has been employed for clinical and experimental cancer treatment, including this study, each regimen alone has been shown incapable of promoting strong, sustained immune activation in tumor-bearing hosts for satisfactory therapeutic efficacy. [37] [38] [39] [40] In fact, decades of research on developing simple and effective means for cancer treatment without severe adverse effects has proven to be unproductive due to the complexity of cancer, which further signifies the necessity of developing complex strategies, such as this tripartite approach, for concerted and/or additive effects of multicomponents to treat aggressive tumor. 2, 19, 33, 41 HSC/BMT has been the treatment of choice for hematological malignancy and has been used for the treatment of inherited and acquired severe hematological or immunological disorders. 17, [42] [43] [44] [45] However, it has not been routinely used for the treatment of epithelial tumors. One of the major limitations of BMT-based therapeutics for cancer treatment is related to a long period of immune deficiency post-BMT. This delay in immune reconstitution has been overcome in this study with the combinational use of total BM as DC progenitors and GM-CSF as we have demonstrated in a previous report. 27 This improvement warrants early initiation of DC differentiation and activation regimens within 1 week post-BMT. Even though the Flt-3 ligand treatment in BMT setting seems to provide equally potent DC differentiation at a later time post-BMT, 17, 27 an additional 2-week waiting time required for its potent DC differentiation and activation unavoidably results in losing valuable time for experimental therapeutics and clinically application.
It is necessary to point out that BMT treatment alone, in the absence of HA gene transfer, moderately expanded HA-specific T cells in tumor-bearing mice at the early period of treatment (Figures 2 and 5 ). This was mostly contributed by lymphopenia-driven T-cell homeostatic proliferation in BMT hosts. In fact, recent studies show that infusion of naive T cells to lymphopenia hosts enhances antitumor immunity and provides short-term therapeutic efficacy in controlling tumor progression. [37] [38] [39] [40] This agrees well with our observation of a short-term T-cell expansion and tumor infiltration during early treatment period in mice transplanted with mock-or GFP-transduced BM ( Figure 5 ). Furthermore, it is also worth noting that adoptive T-cell transfer for their homeostatic proliferation post-BMT not necessarily requires a pool of tumor antigen-specific T cells, that is, naive polyclonal T cells from non-antigen-experienced hosts would provide similar therapeutic effects as shown in this study and previously. 17 Regardless, this BMTmediated homeostatic proliferation is short lived and could not support strong stimuli to overcome tolerance and maintain sustained T-cell activation in tumor-bearing hosts (Figures 4 and 5 ).
Tumor antigen (HA) gene delivery and integration to DC progenitors in conjunction with in vivo DC differentiation further enhances BMT-mediated HA-specific T-cell activation. More importantly, this approach supports better antigen presentation and activation of CD8 T cells although marked activation of antigenspecific CD4 T cells was also achieved. This can be explained by our understanding of MHC class I presentation of endogenous (integrated transgene) antigen to CD8 T cells being more efficient than MHC II presentation to CD4 T cells. On the other hand, an exogenous antigen presentation, such as HA on Renca-HA cells, through MHC II molecules on APCs to CD4 T cells is more efficient than that of MHC I-mediated presentation to CD8 T cells. This explains why we observed higher HA-specific CD4 T cell expansion than CD8 T cells in Renca-HA tumor-bearing mice (Figure 1c ). This enhanced activation of tumor-specific CD8 T cell is crucial for improved therapeutic efficacy as increased CTL frequency and function are necessary for tumor elimination as shown in our previous study and the studies of others. 17, 46 GM-CSF, as a DC promoting cytokine, has been widely employed in cancer immunotherapy experimentally and clinically. 20, 31, [47] [48] [49] [50] [51] [52] Our previous study demonstrated that GM-CSF treatment significantly expanded the number of antigen-expressing DCs for antigen presentation. 27 However, the effects of GM-CSF on enhanced activation of antigen-specific T cells appeared to be short lived in tumor-bearing HA-BMT mice in the absence of DC activation adjuvant. This is in agreement with previous report that in the absence of additional activation signal, GM-CSF may not provide strong activation signaling sufficient to overcome tumor-induced tolerance for a lasting antitumor immunity even though its effects on DC differentiation were not compromised. 53 We have shown that only when GM-CSF and ODN treatments are combined in HA-BMT mice, T-cell infiltration to tumors is sustained and significant reduction in tumor size and improved therapeutic efficacy are achieved (Figures 4 and 5) . This is similar to previous reports that ODN-mediated DC activation is crucial for effective tumor elimination in other therapeutic settings. [34] [35] [36] In light of recent discovery on contributions of PD-1 and PD-L1 interaction to tumor-induced immune tolerance 54, 55 and detectable expression of PD-L1 on Renca-HA cells, it will be of great interests and importance to examine whether our observed enhanced antitumor immunity is related to the interruption of the PD-1/PD-L1 pathway or other mechanisms in future studies. Nevertheless, these studies suggested that in the absence of additional maneuvers beyond BMT, early T-cell homeostatic proliferation mediated by BMT could not provide strong enough stimuli to overcome tumorinduced tolerance. To achieve long-lasting effects in eliminating established tumor and significant therapeutic efficacy, improving quantity and quality of antigenpresenting DCs to support great numbers of effector T cells and maintaining their immune function in a tolerogenic environment is essential.
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In summary, this study shows that in vivo derived tumor antigen-expressing DCs from engineered DC progenitors can be very efficient in activating antigenspecific T cells, even in a tolerogenic environment. Through combination of three clinically employed, but individually less effective, regimens with further modification to provide persistent antitumor immunity, this approach can improve therapeutic efficacy in an otherwise tolerogenic environment for solid tumors treatment and represents a promising avenue for potential clinical translation.
